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Abstract 
In present work, phase solubility analysis were conducted for studying the solubility of terpineol, a natural flavor 
compound with antifungal and disinfectant action, in 2-hydroxypropyl-ȕ-cyclodextrin (HBCD) and in E-cyclodextrin 
(BCD) aqueous solutions and for calculating the thermodynamic parameters involved in the complex formation. 
Physical properties of the freeze-dried complexes were also evaluated as a function of water content and storage time. 
The solubility of terpineol increased linearly as the concentration of BCD or HBCD was increased, confirming the 
1:1 stoichiometry of the complex. The negative value of the enthalpy and of the Gibbs energy demonstrated that the 
process is exothermic and spontaneous. Since complexation gives more ordered systems, the negative value obtained 
for the entropy change confirms the encapsulation of terpineol both in HBCD and BCD. The water adsorption data 
and glass transition values obtained revealed that complexation involves the displacement of water molecules from 
the cavity of the CDs by the guest compound that is being included. 
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1.Introduction 
The encapsulation in cyclodextrins has been used in food, cosmetics and pharmaceutical industries for 
many purposes. Cyclodextrins are cyclic oligosaccharides of 6, 7 or 8 -D-glucopyranose units with a 
relatively hydrophobic central cavity and hydrophilic outer surface [1,2].  The hydrophobic CDs inner 
cavity forms inclusion complexes with a wide range of guest molecules [3-5] while the hydrophilic 
exterior enhances CD solubility in water [6]. No covalent bonds are formed or broken during the 
ligand/CD complex formation. However, in aqueous solution, the complexes readily dissociate reaching 
equilibrium between the released (free) molecules and the ones located within the CD. The stability of the 
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inclusion complexes is thus provided by non-covalent interactions such as van der Waals forces, 
hydrophobic interactions and steric factors [7]. Encapsulation with CDs leads to increasing the aqueous 
solubility, enhancing dissolution rate, membrane permeability and bioavailability of low solubility 
compounds [8]. They protect against oxidation, light-induced decompositions and heat-induced changes, 
improving shelf life of food products. The application of CDs in the pharmaceutical and food ingredients 
development is limited by its rather low aqueous solubility. Thus, numerous chemical modified CDs have 
been developed to counter the solubility limits and safety concerns of the parent CD. 2-hydroxylpropyl-ȕ-
cyclodextrin, a hydroxyalkyl derivative, is an alternative to D-, E- and J-CDs, with improved water 
solubility [9]. It seems that both the substitution degree and the substitution pattern influence the 
stereospecificity of CDs [10]. However, there are very few studies focusing on the effect of the 
substitution pattern of CDs on the formation of inclusion complexes [11]. 
A limiting factor of the use of certain natural food additives is their very low aqueous solubility, and 
their unstability [12]. The formation of inclusion complexes with CDs may increase solubility and 
stability by limiting degradation or loss during processing and storage [13,14]. Terpineol (Terp) is a 
naturally occurring terpenic alcohol constituent of essential oils of many types of plants and flowers. 
Besides its usefulness for perfumes and cosmetics, it could be used as antifungal [15] and as ingredient in 
inhalants/decongestants pharmaceutical products [16].  
In present work, phase solubility analysis were conducted for studying the solubility of Terp in HBCD 
and in BCD aqueous solutions and for calculating the correspondent thermodynamic parameters involved 
in the complex formation. Physical properties and stability of freeze-dried complexes were also evaluated 
as a function of CD concentration, water content and storage time. 
2.Materials & Methods 
2.1. Materials 
ȕ-Cyclodextrin (BCD, Mr 1135) and 2-hydroxypropyl-ȕ-cyclodextrin (HBCD, degree of substitution 
0,6, Mr 1380) were from Sigma Chemical Co. (USA). a-terpineol (Terp) was from Polymetron S.R.L. 
(Germany). All other chemicals were of analytical grade and purchased from Mallinckrodt Chemical 
Works (St. Louis, MO, USA).  
2.2. Methods 
2.2.1. Phase solubility studies 
Phase solubility studies were carried out according to the method described by [17]. An excess 
amount of Terp (15 mM) was mixed in an aqueous solution containing increasing amounts of the CDs at 
25, 27, 33 and 47 °C. The amount of Terp in solution after equilibration for 24 hours, was determined 
spectrophotometrically. The experiments were carried out in triplicate at each temperature.  
The stability constants, Kc, were calculated from the straight-line portion of the phase solubility diagram 
according to the Higuchi-Connors equation [17]: 
Kc= slope / (Intercept x (1-slope))                                                      (1)
   
2.2.2. Preparation of the solid inclusion complexes 
Inclusion complexes of BCD with Į-terpineol (Terp-BCD) were prepared by the coprecipitation 
method [14]. Solutions of BCD (1,85 g/100 ml) were prepared and heated at 50 ºC shaking until complete 
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solubilization of the CD. Terp was dispersed in the BCD aqueous solution in suitable proportions for 
Terp/BCD molar ratios 1:1 and 1:3. The systems were stirred for 3 hours at 50 ºC and for 3 hours at room 
temperature. The obtained solutions were then stored overnight at 3 °C to promote the precipitation of the 
complexes. The suspensions were filtered, frozen at -26 ºC and freeze-dried. 
Inclusion complexes of HBCD with Terp were prepared by the freeze-drying method. In this method, 
the aqueous solution of HBCD (20,0 g/100ml) containing the ligand was stirred at 50 °C, cooled to 
ambient temperature and freeze-dried.  
Once dehydrated, the systems were equilibrated to different relative humidities (RH) and the water 
sorption isotherms, glass transition and melting events in the samples were studied.  
2.2.3.Determination of the water sorption isotherms 
Sorption isotherms were determined by the standard isopiestic static-gravimetric method. After freeze-
drying, samples of HBCD, BCD or their complexes with Terp were placed into vacuum desiccators 
containing saturated salt solutions which provide different RH: 11, 22, 33, 43, 57, 75, 84 and 97 % RH at 
25 °C ±1 ºC [18]. The water content of the samples was determined gravimetrically as a function of 
storage time until reaching the equilibrium condition. Results were express in percentage of dry basis (% 
d.b.).  
2.2.4. Differential scanning calorimeter (DSC)  
A DSC (Mettler Toledo AG, model 822) was used to verify the formation of complexes in the solid 
state, the glass transition temperature (Tg) and the release of the guest molecule during storage. The 
dynamic method was used to determine melting points (Tm) and heats of fusion (rHm) of the pure ligand 
(Terp) and of the ligand in the complexes. Tm for Terp was 35 °C taken as the onset of the melting peak. 
Each sample was heated at a rate of 10 °C/min from -20 °C up to 110 °C. Since the boiling point of Terp 
is 218 °C (Merck Index: 2006) the losses by evaporation were considered negligible.Duplicate 
determinations were carried out for each sample and the average values were reported. The calculated 
confidence interval for a 95% certainty was between 4% and 6% of the absolute values.  
2.2.5. Storage study  
The percent of of encapsulated Terp in the system was evaluated by DSC [14] after equilibration at 
different RH and after storage in the vacuum desiccators at 25 °C. Average values of duplicate analysis 
are reported.2.2.5. Storage study   
3.Results & Discussion 
Phase solubility studies were carried out in aqueous systems at different temperatures to calculate the 
stability constants, (Kc), and the thermodynamic values for the formation of the complexes Terp-BCD or 
Terp-HBCD. The phase solubility diagrams made at temperatures between 27 °C and 47 °C showed that 
the solubility of Terp increased linearly along with the concentration of HPBCD or BCD, therefore they 
can be considered as AL-type diagrams [17], suggesting the formation of 1:1 complexes. The phase 
solubility data made at different temperatures allowed to obtain additional information such as the 
thermodynamic parameters involved in the formation of the complex. The integrated form of the Van’t 
Hoff equation enables the calculation of the enthalpy ('H) and of entropy changes ('S), depending on the 
variations of the stability constants with temperature [19]: 
 
Ln Kc= -'H/RT + 'S/R                 (2) 
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The Kc values plotted in a Van’t Hoff plot are shown in Figure 1.  
 
 
 
 
 
 
 
Fig 1. Van’t Hoff plot of the formation of the complex between Į-terpineol and BCD or HBCD. 
 
The complex Terp-BCD and Terp-HPBCD showed a linear function between Kc and the inverse of the 
absolute temperature (1/T). The relative thermodynamic parameters were calculated and are given in 
Table 1. 
 
Table 1. Thermodynamic values for complex formation of Į-terpineol with ȕ-cyclodextrin (BCD) or 2-hydroxypropyl-ȕ-
cyclodextrin (HBCD). 'H: enthalpy change, 'S: entropy changes, 'G: Gibbs free energy change. 
 
 
 
 
 
 
The negative value of the enthalpy changes indicates that the interaction process of the ligand with 
HBCD or BCD, leading to complex fomation, is exothermic. The relatively small enthalpy are typical of 
low energy interactions prevailing in related flavor-CD complexes. They could derive from new 
interactions, like hydrophobic ones (due to the displacement of the water molecules from the cavity of the 
CD by the more hydrophobic ligand), increase of Van der Waals interactions between the molecules, 
formation of hydrogen bonds and other low energy interactions [14,19]. 
The values observed for the entropy changes can be explained considering that inclusion moderately 
hinders the free rotation of the included molecule around its symmetry axis [19,20]. The Gibbs free 
energy change ('G) for the interactions that take place during the inclusion process was calculated using 
the Van`t Hoff equation: 
 
'G25 = 'H - T. 'S                               (3) 
 
The negative value of 'G25, indicates that the inclusion process of terpineol in the studied CDs is 
spontaneous.   
 Ter-HPBCD Ter-BCD
'H kJ.mol-1 -102.35 -120 
'S J.mol-1.K-1 -305.12 -334 
'G kJ.mol-1 -11.42 -20.1 
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The ‘driving force’ for complexation is not yet completely understood [21] but it seems that it is the result 
of various effects: substitution of water molecules from the inner cavity, which is energetically favored; 
the release of CD ring strain when the complex is formed; Van der Waals forces and hydrogen bond 
interactions, which are established when the complex is formed [19,22]. 
Considering the high influence of water interactions on complex formation and stability, when the dry 
CD formulations containing the active components are stored, the analysis of the water adsorption 
behavior becomes of fundamental importance to define the appropriate storage conditions. Figure 2 
shows the effect of complex formation on the water adsorption isotherms of HBCD (Figure 2a) and BCD 
(Figure 2b). Sorption isotherms showed that at low RH values (11 to 33% RH), the water content is 
similar in both cyclodextrins. Between 33 and 75% RH, the BCD adsorbs more water and reaches a 
plateau from 52% RH due to the formation of a stable crystalline hydrate. Terpineol inclusion decreased 
BCD and HBCD water adsorption between 11 and 97% RH in comparison with the pure CDs, and the 
effect was more pronounced for BCD complexes. The sorption properties of the Terp-HBCD complex 
were close to those of the pure HBCD: only at high RH (! 90%) the water content was lower in the 
combined system (Figure 2a). Figure 2b shows that the BCD complexes did not show a plateau, which 
indicates that no hydrates were formed and the isotherm followed a sigmoid-type behavior with a marked 
increase of water content at more than 85% RH. Present results confirm the formation of the Terp 
complexes and support the idea of substitution of high-enthalpy water molecules from the inner cavity by 
apropriate hydrophobic ligands [23]. Furthermore, these results suggest that the water molecules inside 
the cavity could be easily removed by compounds of an adequate size and hydrophobicity to occupy the 
CD cavity, and thus, forming energetically favored inclusion complexes [19, 24]. 
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Fig 2. Effect of Terp complex formation on the water adsorption isotherms of HBCD (a) and BCD (b). Ligand/CD systems were 
prepared in 1:3 molar ratio. 
Figure 3 depicts the thermogram obtained for the pure terpineol compared with the thermograms 
obtained for the freeze-dried ligand complexed with BCD or HBCD in ligand-CD molar ratios 1:1 and 
1:3. The thermograms corresponding to pure BCD or HBCD in crimped pans did not show any thermal 
transition in the temperature range 10-95 °C (data not shown) as also reported by other authors [14]. The 
thermogram corresponding to pure Terp shows an endothermic peak at nearly 35°C corresponding to its 
melting point. The curves obtained for the combined systems (ligand-CD) did not show any sharp 
endothermic peak in the range of the melting point of Terp, indicating an interaction between Terp and 
HBCD or BCD even in systems with molar ratio 1:1. The complete disappearance of the endothermic 
DSC signal is a strong evidence of the total inclusion of the ligand inside the cavity of both CDs [14, 25, 
26]. Terpineol was completely encapsulated in both CDs regardless of the molar ratio and remained 
included up to 60 days of storage in BCD or HBCD, even at RHs as high as 95% (there was not any 
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thermal signal of the melting of terpineol in the correspondent thermograms of the complexes, data not 
shown). 
As some of the HBCD systems showed structural collapse both macroscopically and microscopically, a 
relation with the glass transition temperature could be expected. Therefore, the Tgs of the systems were 
determined by DSC for the freeze-dried HBCD and its complexes with terpineol, the obtained values are 
shown in Figure 4. The inserted graph shows the DSC thermograms obtained for the Terp-HBCD 
complexes at different relative humidities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The thermograms evidenced a well-defined glass transition, which confirmed the amorphous nature of 
the systems in all cases, and as expected, that value decreses with increasing water content. Ice 
crystallisation occurred and devitrification endotherm appeared in the thermogram at RH higher than 
85%. Figure 4 shows that for a certain water content Tg value weas lower for the HBCD complex respect 
to the pure CD matrix showing the plasticizing effect of Terp. Even though Terp complexation did not 
significantly affect the sorption isotherms of HBCD (Figure 2a), in presence of the ligand, structural 
changes take place affecting the physical characteristics of the matrix. The Tg determined for systems 
Terp-BCD [22] were similar to those obtained for the complex with HBCD. 
4.Conclusions 
Ligands as terpineol, constituents of essential oils used as nutraceuticals, could be encapsulated in the 
studied CDs. The thermodynamic parameters obtained from the solubility data at different temperatures 
helped to explain certain phenomena regarding complex formation and CDs interactions with terpineol. 
The negative values of the enthalpy and of the Gibbs energy demonstrated that the process is exothermic 
and spontaneous. The obtained entropy change values were negative, probably due to a decrease in 
translational and rotational degree of freedom for the complexes, in comparison to the free molecules.  
Besides increasing its solubility, BCD ring modification with hydroxypropylated groups conferred 
amorficity to the dehydrated matrices and modified sorption properties and the ability to form hydrates.   
The analysis of water adsorption behavior of the complexes becomes of fundamental importance to 
define the appropriate storage conditions of the dehydrated systems. Ligand inclusion decreased BCD and 
HBCD water adsorption, in comparison with the pure cyclodextrins, being the effect more pronounced for 
BCD complexes. The water adsorption data and glass transition values obtained are consistent with the 
displacement of water molecules from the inner cavity of the CDs when the ligand molecule is included.  
Fig 3. DSC thermograms for D-terpineol compared with the 
thermograms obtained for the freeze-dried ligand complexed 
with BCD or HBCD. 
Fig 4: Tg for the freeze-dried HBCD and its 
complexes with Terp as a function of water content. 
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Present results could help to select suitable conditions for encapsulating ingredients with special flavors 
or health benefits, or to select adequate storage conditions for food or pharmaceutical products 
formulations involving cyclodextrins 
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